Purpose: To identify physiological, psychological, and skill characteristics that explain performance in downhill (DH) mountainbike racing. Methods: Four studies were used to (1) identify factors potentially contributing to DH performance (using an expert focus group), (2) develop and validate a measure of rider skill (using video analysis and expert judge evaluation), (3) evaluate whether physiological, psychological, and skill variables contribute to performance at a DH competition, and (4) test the spe cific contribution of aerobic capacity to DH performance. Results: Study 1 identified aerobic capacity, handgrip endurance, anaerobic power, rider skill, and self-confidence as potentially important for DH. In study 2 the rider-skill measure displayed good interrater reliability. Study 3 found that rider skill and handgrip endurance were significantly related to DH ride time ()3 = -0.76 and -0.14, respectively; R2 = .73), with exploratory analyses suggesting that DH ride time may also be influenced by self-confidence and aerobic capacity. Study 4 confirmed aerobic capacity as an important variable influencing DH performance (for a DH ride, mean oxygen uptake was 49 ± 5 mL ■ kg-' • m in-', and 90% of the ride was completed above the 1st ventilatory threshold). Conclusions: In order of importance, rider skill, handgrip endurance, self-confidence, and aerobic capacity were identified as variables influencing DH performance. Practically, this study provides a novel assessment of rider skill that could be used by coaches to monitor training and identify talent. Novel intervention targets to enhance DH performance were also identified, including self-confidence and aerobic capacity.
Mountain biking is a form of off-road cycling that is popular as a recreational activity worldwide.1 Competitive downhill mountainbike racing is experiencing a particularly rapid growth; the number of competitive events worldwide increased from 23 in 2000 to 474 in 2013 to accommodate 67,000 competitors yearly.2 Downhill mountain biking involves descending a trail in an individual timetrial format. Course requirements include sprint sections, corners, and coasting sections where riders negotiate a variety of natural and man-made obstacles such as rocks and jumps. Courses vary in length, but race times for the fastest riders typically range from 2 to 5 minutes. 3 Reviews highlight a lack of understanding of the physiological and psychological requirements of this sport. 4 5 However, scientific study has been completed in the related disciplines of cross-country mountain biking, motocross, and off-road vehicle riding. Studies found that aerobic capacity,4"6 anaerobic power,78 dynamic skill, upper-body muscle function,6 8"10 and anxiety control11 are required to excel in those disciplines. Unfortunately, differences in event duration, the amount of self-propulsion required, the terrain that is used, and the objective risk between the disciplines make inferences from these other sports difficult. Meanwhile, downhill coaches focus on riding dynamics, strength, and power.12 Furthermore, ini tial studies suggest that downhill competitors may have relatively high aerobic capacity,1314 and studies of recreational downhill mountain biking suggest a high aerobic demand of that discipline. 15 Chidley is with the School of Sport and Exercise Sciences, University of Kent, Kent, UK. MacGregor, Martin, and Macdonald are with the School of Sport. Health and Exercise Sciences, Bangor University, Bangor, UK. Arthur is with the School of Sport at the University of Stirling, Stirling, UK. Address author correspondence to Jamie Macdonald at j.h.macdonald® bangor.ac.uk. Downhill competitions also induce relatively high heart rate and cortisol responses14 despite remarkably low propulsive cycling power output. 16 To date the role of rider skill and psychology has been largely ignored.
The aim of this multiple-study project was to determine key characteristics of downhill competitors and key requirements of the sport that explain performance in downhill. We hypothesized that rider skill would explain the majority of variance in performance in downhill but that physiological variables (such as aerobic capac ity, lower-body anaerobic capacity, and handgrip endurance) and psychological variables (such as self-confidence), would also be identified as influential.
Methods

Design
This 4-study article describes the following investigations: (1) a qualitative identification of variables of interest in performance in downhill, (2) development of a skill measure, (3) a field study characterizing 43 riders at a downhill competition, and (4) a labo ratory study characterizing 10 riders during a simulated downhill competition. All studies were approved by the institutional ethics committee and conformed to the Declaration of Helsinki, and all participants provided written, informed consent.
Study 1: Q u alitative Id en tificatio n o f Variables o f Interest
to Perform ance in D ow nhill. An expert panel comprised l team manager, l mechanic, 4 elite riders, and l sport scientist, which assembled at a round of the British Downhill Series (Nant Gwrtheyrn, March 22, 2 0 11) with the aim to identify variables that are of particular relevance to performance in downhill.17 This aim was met by the panel's completing an interview-guided needs
analysis. An extensive list of possible variables was produced, ambiguous variables were precisely defined, duplicates were removed, and finally the variables were categorized into key areas.
To confirm the expert-panel findings and give an indication of the relative importance o f the identified variables, a survey was then sent to 50 downhill riders of various abilities from the United Kingdom, the United States, and France. The riders were asked to rank the variables identified by the expert panel in order of perceived importance by assigning each variable on a scale of 1 to 6 (most to least important). Thirty-five surveys were returned (10 elite, 8 expert, 15 senior, and 2 junior), which equated to a 70% response rate.
Study 2: Skill-M easure Developm ent. An expert panel of 3 highly experienced (> 10 y practice) professional mountain-bike coaches was assem bled at the UK National Downhill Championships (Llangollen, July 27, 2011) with the aim of generating a working definition of rider skill required for downhill. The following definition was agreed on: "The ability to dynamically balance the bike while generating or maintaining speed through pedaling and pressure control and while controlling speed over technically challenging terrain." To achieve this definition of high skill level in downhill, the coaches then identified a list of specific components that were required. A marking score sheet was generated: Each specific component was included to be scored from 0 (skill not present) to 10 (skill could not be developed further). An average score could then be calculated for each rider to define his or her overall skill level. To assess validity (interrater reliability) of this measure, 13 participants (downhill race experience 5 ± 3 y) from senior (n = 4), master (n = 4), expert (n = 2), and elite (n = 3) categories were filmed riding a 50-m section of the downhill course that was chosen due to its technically demanding nature (it included jumps or bumps, corners, and natural obstacles including roots or rocks). Three independent judges blinded to race results then reviewed the videos and used the marking criteria to determine skill level. 43 male participants (age 25 ± 5 y, height 179 ± 7 cm, body mass 78 ± 8 kg, downhill race experience 6 ± 2 y) from the junior (n = 5), senior (n -11), master (n = 9), expert (n = 6), and elite (n = 12) categories were recruited by self-selection convenience sampling at 2 repetitions of a UK regional downhill championship event (Llangynog, July 31, 2011, and July 15,2012). Participants represented approximately 12%, 12%, 16%, 30%, and 57% of the total population attending the 2 events in the junior, senior, master, expert, and elite categories, respectively.
Testing was completed at the event, where environmental condi tions were zero precipitation, a dry-to-damp track, and an air tem perature that ranged from 12°C to 19°C. The downhill course was ~2 km in length with an altitude drop of 368 m and comprised classical downhill features, with a usual winning time of approximately 214 seconds. Time in seconds of the faster of 2 competitive rides was used as a dependent variable in analyses. To reduce intersubject variability due to equipment choice, inclusion criteria ensured that all bikes were of similar mass, age, and suspension travel.
Independent-variable outcome measures were selected based on results from studies 1 and 2 and practical restraints of field test ing. Physiological variables included aerobic capacity, lower-body anaerobic capacity, and handgrip endurance, all of which were assessed before prerace practice (1 day before the participants' competitive timed attempts) in order of presentation. Aerobic capac ity was estimated via the use of the Chester Step Test.18 Although not a direct assessment of aerobic capacity in cycling, the test provided a practically implementable estimate of aerobic capacity that did not interfere with performance during the competitive event. Lowerbody anaerobic capacity was assessed by 30-second Wingate Test completed on an ergometer (874E, Monark Exercise AB, Sweden).
Resistance was not applied to the freewheel until the participants had attained maximum pedaling cadence, and average power output over the 30-second test19 was used for all analyses. Handgrip endurance was measured using a calibrated Takei handgrip dynamometer (5001 Grip-A, Takei Scientific Instruments, Tokyo, Japan) as previously described.20 Briefly, participants repeatedly contracted maximally and then relaxed for 5-second intervals (paced by an audible tone), with the average handgrip force elicited over a 5-minute period taken as handgrip endurance. Self-confidence was assessed within 1 hour before each participant's first timed ride to give an accurate measure of the prerace state. Ten items from the Competitive State Anxiety Inventory 221 were used to assess self-confidence. Rider skill was assessed by video analysis of each participant's fastest ride through a particular section of the course by an expert judge blinded to race results using the novel skill assessment detailed in study 2. Testing comprised 2 visits: a laboratory assessment and a simu lated competition ride on a downhill British Downhill Series course (Nant Gwrtheyrn), separated by 2 weeks. In the laboratory, maximal oxygen uptake (V 0 2max) and ventilatory thresholds were determined during an incremental exercise to exhaustion test with a verification stage on an electronically braked cycle ergometer (Excalibur, Lode, Netherlands). Participants completed a 5-minute warm-up at 100 W. After 2 minutes of unloaded cycling, the test then started at 100 W. Participants were required to maintain a cadence of 70 rpm. Using a ramped protocol, the power output was increased linearly to provide a 1-W increase every 5 seconds (36 W every 3 min). The test was terminated on voluntary exhaustion or failure to maintain the required cadence for a period of 10 seconds. A verification stage was completed whereby participants completed an exercise stage at a work rate 36 W higher than in the previously completed stage. This process was repeated until the increase in VC>2m!,x was <2%. Both rating of perceived exertion (15-point 6-20 scale) and heart rate (S8lOi, Polar, Kempele, Finland) were recorded in the last 15 seconds of each stage. Expired respiratory gases were measured throughout using a portable calibrated online breath-by-breath automated gas analyzer (Metamax 3B, Cortex, Leipzig, Germany).
At the downhill mountain-bike course, environmental condi tions were zero precipitation, a dry track, and an air temperature that ranged from 1°C to 6°C. The course was of national champion ship standard, with a length of ~1 km and an altitude drop of 200 m and comprising classical downhill features, with a usual win ning time on this course of approximately 135 seconds. To reduce intersubject variability due to equipment choice, inclusion criteria ensured that all bikes were of similar mass, age, and suspension travel. Immediately before testing, participants warmed up for 5 minutes using their usual preferred method (in all participants this was gentle cycling, completing minisprints, and moving the bike around to use upper-body muscles). Resistance to handgrip fatigue in response to the ride was then assessed for the dominant hand using a dynamometer (5001 Grip-A, Takei Scientific Instruments, Tokyo, Japan). Immediately preride and postride, participants completed 3 maximal contractions separated by 1 minute, the greatest of which was recorded and used to determine the percentage decrement in handgrip force in response to the ride. A handlebar-mounted stop watch (DMC Sports Timer, Diverse Suspension Products, Valencia, CA) was used to record ride time. Throughout the ride participants wore a heart-rate monitor, and expired gases were collected using a gas analyzer (materials and methods as noted herein).
Statistical Analyses
All parametric data were analyzed by statistical software (version 20, SPSS, IBM, Armonk, New York, USA) and are presented as means ± SD. Statistical significance was set at P < .05.
Study 2 Statistical Analyses
To assess interrater reliability of the novel skill measure, an intra class correlation coefficient (ICC3k) was calculated between inde pendent judges. Mean bias (by the Bland and Altman method) and 95% confidence interval of the bias were also calculated, as was standard error of the measurement.
Study 3 Statistical Analyses
As data were collected over a 2-year period, race times for each year were standardized using z-scores. A structural-equation-modeling approach determined variables associated with performance, using the nonparametric partial-least-squares method (PLS, SmartPLS version 2.0 [M3] Beta, Hamburg, Germany), which is particularly suited to small sample sizes,22 as well as factor loadings and stan dardized regression coefficients. PLS generates t-values from a boot strapping procedure (5000 iterations). The PLS model determined the validity, internal consistency, and convergent validity of the self-confidence measurement, whereby loadings >0.4,23 composite reliability >0.7,24 and average variance extraction >0.5,24 respec tively, are considered acceptable. Then the PLS model was used to test whether the independent factors of lower-body aerobic and anaerobic capacity, handgrip endurance, self-confidence, and skill could explain significant variance in race performance by examin ing the standardized path coefficients (/3) and the total variance explained by the model {R2, with .02, .15, and .35 being interpreted as small, medium, and large effects, respectively).25
Study 4 Statistical Analyses
For laboratory testing, the anaerobic threshold and the respiratory compensation point were identified from the first and second venti latory thresholds by blinded V-slope method,26 with other variables calculated as an average of the final 10 seconds before exhaustion. For field testing, exercise intensity of completing a downhill ride was described by graphical presentation of V 02 and heart rate and allocation of individual data points to 1 of 4 exercise-intensity zones: below the first ventilatory threshold, above the first but below the second ventilatory threshold, above the second ventilatory thresh old but below V 02,nax, and above laboratory-determined V 02max. Percentage of ride time spent in each intensity zone could then be calculated. Data recorded preride and postride (handgrip force) were analyzed using paired-samples /-tests. Effect size for independent /-tests was calculated as Cohen d and interpreted as no effect (<0.2), small effect (0.2-0.5), medium effect (0.5-0.8), or large effect (>0.8).27 Physiological variables were correlated with each other by Pearson product-moment correlation coefficient (r) and with ranking (ride time) by Spearman rank correlation coefficient (p).
Results
Study 1 Results
The key areas particularly relevant to performance in downhill as identified by the expert panel and then confirmed by a survey of downhill riders are presented in Table 1 (in order of importance).
Study 2 Results
The specific components identified by the coaches as required for skilled performance in downhill are presented in Table 2 . When the expert judges independently used the novel skill measure they showed substantial agreement with one another, as verified by an intraclass correlation coefficient (ICC3k) of .87, a mean bias [95% confidence interval] of -0.57 [-1.37 to 2.69] arbitrary units, and a standard error of the measurement of 0.57 arbitrary units.
Study 3 Results
Mean ride time was 214 ± 34 seconds. Independent outcome variables (physiological, psychological, and skill measures) are presented in Table 3 . Using PLS, the analysis of the selfconfidence measurement model showed that all factor loadings Note: Variables were selected by an expert panel (N = 7) and then placed in rank order of perceived importance by mixedability (amateur to pro elite) downhill mountain-bike riders (N = 35). Perceived importance was rated on a scale of 1-6 (most to least important). Note: Riders should be assessed on a technically demanding section of the course, including jumps/bumps, corners, and natural obstacles including roots/rocks. Definition of skill: the ability to dynamically balance the bike, while generating or maintaining speed through pedaling and pressure control and while controlling speed over technically challenging ter rain. Definition of pressure control: the ability to select the appropriate response of absorbing or resisting terrain-induced forces acting on the bike. For definitions of specific assessment criteria please contact the authors. were >0.40, composite reliability was >0.89, and average vari ance extraction was 0.52. Bootstrapping revealed all indicators of the latent variable to be significant (P < .001) (Figure 1 ). W hen determ ining which outcom e measures were related to performance, the structural model explained 73% of variance in race time (large effect size). However, only 2 o f the variables were significantly related to race performance: skill level and handgrip endurance. Aerobic capacity, lower-body anaerobic capacity, and self-confidence were not significantly related to performance (Figure 1 ).
Study 4 Results
Mean ride time was 146 ± 27 seconds. Physiological data collected during the laboratory and simulated ride are shown in Table 4 . Peak values obtained during the simulated ride were less than the laboratory-obtained maximal values for V 0 2, minute ventilation, and heart rate (92%, 88%, and 95% of maximal values, respectively) but more for peak breathing frequency (115%). V 0 2 during the sim ulated ride compared with maximal aerobic capacity assessed during laboratory testing is shown in Figure 2 . Mean V 0 2 was 45.9 ± 5.3 mL • kg-1 • min-1, which was 81% ± 5% o f laboratory-determined V 0 2max. Regarding data col lected, once steady state had been achieved, mean V 0 2 increased slightly to 49.1 ± 4.9 mL ■ kg-1 • min-', which was 86% ± 6% of laboratory-determined V 0 2max. Mean minute ventilation was 108.8 L/min (77% ± 10% of laboratory-determined maximum), mean breathing frequency was 52 ± 6 breaths/min (98% ± 9% of laboratory-determined maximum), and mean heart rate was 177 ± 7 beats/m in (92% ± 2% of laboratory-determ ined maximum). Figure 3 shows the proportion of the downhill ride expressed as relative exercise intensity (% V 02max and % maximal heart rate). According to analysis of V 0 2 (expressed as individual data points), relative time spent below the first ventilatory threshold was 10% ± 18%, between the first and second ventilatory thresholds was 47% ±31 %, between the second ventilatory threshold and V 0 2mas was 34% ± 33%, and above laboratory-determined V 0 2max was 9% ± 15%. Handgrip fatigue occurred in response to the ride, with handgrip force significantly decreasing by 22% between preride and postride assessments (524 ± 68 vs 409 ± 71 N, t -7.55, P = .001, d = 1.3).
A modest but significant positive correlation was observed between handgrip fatigability (the percentage decrement in handgrip force) and the rank order of ride time (Spearman rank-order correlation coefficient = .71, P -.02), suggesting that faster riders had less handgrip fatigue. In contrast, no cardiovascular variables were correlated with ranking. 
Discussion
We had hypothesized that a number of variables were of importance to downhill performance, including rider skills, psychological fac tors, and aerobic capacity, which to date have generally been ignored. An expert panel and a survey of downhill riders confirmed the perceived importance of these hypothesized variables. Specifically, skill, self-confidence, aerobic capacity, lower-body anaerobic power, handgrip endurance, bike setup, and past experience were suggested to be important for downhill performance. Consistent with the expert panel's suggestions, follow-up studies in the field confirmed that skill and handgrip endurance could explain 73% of variance in downhill ride time at a downhill competition. A laboratory study and simu lated competition further found that the physiological requirements of downhill events comprise a large aerobic component. However, lower-body anaerobic power and self-confidence did not explain downhill performance, at least in primary analyses.
As expected in such a technique-dependent discipline, skill explained most of the variance in downhill performance. The next-most-consistent performance predictor was handgrip endur ance. This may be due to better riders having developed greater upper-body muscle endurance. Indeed, in study 3 a relationship between handgrip endurance (that was assessed before any riding took place) and performance was identified. Alternatively, better riders may have tackled terrain with greater efficiency or increased confidence allowing a more relaxed grip. In study 4 a relationship between handgrip fatigability (that was assessed by decrement in handgrip force over a ride) and performance was identified.
A role for aerobic capacity in performance is partially sup ported by the current data. Despite a lack of a direct relationship between aerobic capacity and performance being identified in study 3, which is in contrast to previous studies on motocross riders,6 we still observed a high aerobic demand of the sport. In study 4, V 0 2 during the simulated downhill competition was 86% of the partici pants' maximal aerobic capacity. Furthermore, 90% of downhill ride time was completed above the first ventilatory threshold and 43% of downhill ride time was completed above the second ventilatory threshold. This is despite mean power output as assessed by power meter at the crank being only 9% of peak values in downhill, and pedaling periods making up only 55% of total ride time. 16 The pro portion of ride time spent at higher exercise intensities was greater than that observed previously in simulated recreational downhill mountain biking.15 Note also that predicted (study 3) and actual (study 4) maximal aerobic capacity were 51 and 58 mL ■ kg-1 • min-1, respectively, a finding supported by others. 13 It is likely that such high aerobic demand is due to the contribution of the upper-body work required to stabilize the bike.8-15 The high breathing frequency observed in study 4 may be due to a superficial breathing pattern and use of the Valsalva maneuver to stabilize the spine during large ground-reaction forces. 6 Self-confidence was not related to performance in the primary analysis of study 3. However, self-confidence was ranked as the second-most important variable in study 1, and previously athletes' skill level has been shown to influence self-confidence.28 Conse quently, the analysis model was respecified so that skill loaded onto self-confidence and self-confidence loaded onto performance (Figure 4 ). In this post hoc analysis, the variance explained by the new model (35%, large effect size) was reduced. However, in contrast to the first model, skill loaded through self-confidence, and thus the relationship between self-confidence and performance was strengthened and significant ( Figure 4) . Furthermore, in this -Outcome measures (independent variables) related to performance (dependent variable) in downhill mountain biking using an alternative structural model with skill loaded through self-confidence. The model was generated by partial least-squares analysis and boot-strapping procedures (**P < .01, ***P < .001). Numbers 1 to 10 refer to the 10 items of the Competitive State Anxiety Inventory 2. Left-pointing arrows denote the factor loadings of the self-confidence measurement model, and right-pointing arrows denote the path coefficients (/3) of the structural model. Note that negative correlations were present because performance was measured by time (a shorter time indicated better performance). The total variance explained by the model can be calculated from R2 (35%).
Abbreviations: V02m ax, maximal oxygen uptake; AVG, average. post hoc analysis aerobic capacity was significantly related to performance, too.
Conversely, maximal anaerobic power was unrelated to perfor mance and remained unrelated in post hoc analyses. It is possible that a measure o f ability to repeatedly produce anaerobic efforts may better correlate with performance in downhill, as shown previously in cross-country mountain biking.7
Practical Applications
Before the relative contribution o f factors influencing downhill performance could be investigated, a measure o f skill was required. Skill was successfully defined, and the developed measure could be independently rated with acceptable agreement between judges. Thus, this study offers a new assessment of skill in downhill that may be useful for talent identification and team selection and as an outcome measure to monitor success o f skill training. Although an expert is required, video analysis allows offline assessment. Other practical advice concerning the outcome measures used herein concerns the assessment o f cardiovascular demand in downhill. This study and others15 suggest that heart rate should be used cautiously, as it will overestimate V 0 2 (Figure 3) . This study also identified targets suitable for intervention to enhance downhill performance. Riders should continue to focus on skill development, but physiological variables should not be ignored, particularly development o f handgrip endurance and aero bic capacity (using muscle groups o f the whole body, not just the legs). Coaching styles should also use strategies to enhance riders' self-confidence to enable physiological potential to be fully used.
Limitations o f our study include the use o f a qualitative method to develop a definition o f skill in study 1. Despite a broad spectrum o f experts being included in the focus group, the definition is likely to cause debate. In field study 3, a nonspecific estimate o f maximal aerobic capacity and only 1 simple measure o f self-confidence was used. Readers should thus use caution when comparing aerobiccapacity results between studies 3 and 4. A lso, despite recruiting the majority o f the population available, the sam ple size was relatively small and homogeneous. Nevertheless, characteristics were identified that were statistically related to performance. In study 4 we used V 0 2 to measure exercise intensity. This method overcomes problems o f using heart rate, which is artificially influ enced by isometric contractions9'10 and psychoemotional factors in downhill.29 Indeed, dissociation between heart rate and V 0 2 was observed in the current study (Figure 3) . Still, w e did not measure excess postexercise V 0 2 and so could not determine total energy expenditure. Despite these limitations, the use o f a 4-study design provides consistent support for this study's conclusions. Future studies should address these limitations, attempt to account for the remaining 27% unexplained variance in downhill performance identified herein, and com plete intervention studies to experimen tally determine whether this study's targets can influence downhill performance.
Conclusions
Using data from focus groups, surveys, observational field studies, and laboratory and simulated competition testing, the variables o f rider skill, handgrip endurance, self-confidence, and aerobic capac ity (tentatively presented in order o f importance) were identified as characteristics explaining performance in downhill mountain biking.
